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The nature of the pseudogap phase remains a major barrier to our under-
standing of cuprate high-temperature superconductivity [1]. Whether or not
this metallic phase is defined by any of the reported broken symmetries [2–10],
the topology of its Fermi surface remains a fundamental open question. Here we
use angle-dependent magnetoresistance (ADMR) to measure the Fermi surface
of the cuprate La1.6−xNd0.4SrxCuO4. Above the critical doping p?—outside of the
pseudogap phase—we find a Fermi surface that is in quantitative agreement with
angle-resolved photoemission [11, 12]. Below p?, however, the ADMR is qualita-
tively different, revealing a clear change in Fermi surface topology. We find that
our data is most consistent with a Fermi surface that has been reconstructed
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2by a Q = (pi, pi) wavevector. While static Q = (pi, pi) antiferromagnetism is not
found at these dopings, our results suggest that this wavevector is a fundamental
organizing principle of the pseudogap phase. [13, 14].
INTRODUCTION
A long-standing mystery of the high-Tc cuprate superconductors is the ‘pseudogap phase’
[11, 15–17]—a correlated electron state whose key characteristic is a loss of coherent quasi-
particles below an onset temperature T ?. This loss of quasiparticles is reminiscent of the
superconducting gap that opens at Tc (hence the name ‘pseudogap’), suggesting that the
pseudogap and superconductivity are related. Characterizing what remains of the coherent
Fermi surface inside the pseudogap phase is therefore a critical step to understanding how
this peculiar metallic state gives rise to, or is compatible with, high-temperature supercon-
ductivity.
Outside of the pseudogap phase—above a critical value of hole doping p? where the
pseudogap phase ends (see Figure 1a)—cuprates are good metals with a well-defined Fermi
surface. The best-studied cuprate in this regime is Tl2Ba2CuO6+δ (Tl2201), whose Fermi
surface geometry has been measured by three different techniques that all give consistent
results: angle-dependent magnetoresistance (ADMR) [18], quantum oscillations [19], and
angle-resolved photoemission spectroscopy (ARPES) [20].
Inside the pseudogap phase—at hole dopings below p? and at temperatures below T ?—
cuprates are still metallic [21], but the ground-state Fermi surface, or even whether the
pseudogap phase has a Fermi surface at all, is unknown. ARPES measurements performed
above the superconducting transition temperature Tc and below the pseudogap tempera-
ture T ? find discontinuous segments known as ‘Fermi arcs’ [11, 22–24], which challenge our
conceptual definition of a Fermi surface. Quantum oscillation measurements in underdoped
cuprates have detected a small electron-like Fermi surface (“electron pockets”)—in both
YBa2Cu3O6+δ [25] and HgBa2CuO4+x [26]. This pocket, however, appears only in the pres-
ence of charge density wave (CDW) order [27], and, in general, CDW order is found in a
narrower range of dopings and temperatures than the pseudogap phase itself.
To determine the Fermi surface of the cuprates in the ground state of the pseudo-
gap phase—free of charge order and in the absence of superconductivity—we turn to the
3FIG. 1. ADMR above and below the pseudogap critical doping p∗ in Nd-LSCO. (a)
Temperature-doping phase diagram of hole-doped cuprate Nd-LSCO. The pseudogap is highlighted
in red (the onset temperature T ? of the pseudogap is taken from resistivity [28] and ARPES [11]
measurements). The superconductivity dome at B = 0 T is marked by a dashed line and can be
entirely suppressed by B||c ≥ 20 T. (b) Geometry for the ADMR measurements. The sample is
represented in gray with silver contacts. The black arrow identifies the direction of the electric
current, J , along the cˆ-axis. The angles φ and θ describe the direction of the magnetic field B
with respect to the crystallographic aˆ and cˆ axes. (c) The angle-dependent c-axis resistance of
Nd-LSCO with p = 0.21 (< p∗). Data are taken at T = 25 K and B = 45 T as a function of
θ for φ = 0◦, 15◦, 30◦, and 45◦. (d) Data taken under the same conditions as panel (c), but for
Nd-LSCO with p = 0.24 (> p∗). Note the change in qualitative features across p?, including the
peak near θ = 40◦ for p = 0.24, and the φ-dependent feature near θ = 90◦.
cuprate La1.6−xNd0.4SrxCuO4 (Nd-LSCO). Nd-LSCO has low critical fields compared to
other cuprates, making it possible to access the metallic state at low temperature in static
4magnetic fields. The onset of the pseudogap in Nd-LSCO has been measured in detail by
ARPES: at p = 0.20, an anti-nodal gap opens upon cooling at T ? = 75 K [11]. Also at
p = 0.20, in-plane resistivity has an upturn below Tρ = 70 K [29]. This upturn has been at-
tributed to a loss of carriers upon entering the pseudogap phase [30], and in general Tρ ≈ T ?.
At p = 0.24 ARPES detects no anti-nodal gap down to the lowest measured temperatures,
and the in-plane resistivity exhibits no upturn, remaining linear in temperature down to
T ≈ 0 K (once superconductivity has been suppressed by a magnetic field) [21, 28, 29, 31].
In Nd-LSCO, resistivity, Hall effect [29] and specific heat [32]measurements agree with the
pseudogap critical doping to be p? = 0.23. While the relatively low critical fields of Nd-
LSCO would be favourable for quantum oscillation measurements of the Fermi surface, the
relatively high level of disorder in this material makes such measurements impossible. The
complementary technique of angle-dependent magnetoresistance (ADMR), however, is more
tolerant of disorder, and by measuring the ADMR of Nd-LSCO, we are able to measure the
ground-state Fermi surface both above and below p?.
EXPERIMENT
We measured the c-axis resistivity of Nd-LSCO in a 45 tesla magnetic field, for p = 0.21
and 0.24. At these dopings, the superconducting critical temperatures are 15 K and 11 K,
respectively, and the upper critical fields are 15 T and 10 T for B ‖ cˆ [32]. Rotations in
the polar angle θ were performed with a single-axis rotator; rotations in φ were performed
by mounting the samples on several fixed-angle blocks (see Figure 1b for a definition of the
angles). Figure 1c and d show the ADMR data at T = 25 K for both Nd-LSCO p = 0.21
and p = 0.24 dopings (for additionnal data at p = 0.20, see in Supplementary Informa-
tion (SI) Figure 16).
The basic premise of ADMR is that the conductivity of a metal depends on the veloc-
ities of the charge-carrying quasiparticles, and these velocities are modified in a magnetic
field by the Lorentz force. Within the standard relaxation-time approximation, the c−axis
conductivity is given by
σzz =
e2
4pi3
∮
d2k D(k) vz[k(t = 0)]
∫ 0
−∞
vz[k(t)] e
t/τdt, (1)
where
∮
d2k is an integral over the Fermi surface, D(k) is the density of states at point k,
5vz is the component of the Fermi velocity in the z direction, and
∫ 0
−∞vz[k(t)] e
t/τdt is an
integral of vz over time, weighted by the probability that the quasiparticle has scattered (τ
is the quasiparticle lifetime) [33]. The magnetic field B enters through the Lorentz force,
~dk
dt
= e v×B, which takes a quasiparticle at point k at t = 0 and evolves it around a
cyclotron orbit that is perpendicular to the direction of the field (see Figure 2c). In the
limit of long quasiparticle lifetime, and for a simple Fermi surface geometry, Equation 1
can be solved exactly [34]. The intuition from this exact solution is that, for particular
angles of the magnetic field, the cyclotron orbits are effective at averaging vz towards zero,
leading to minima in the conductivity and thus peaks in the resistivity. The particular
angles where these resistivity peaks occur depend on the geometry of the Fermi surface, and
thus ADMR can be used to determine Fermi surface geometry. When the Fermi surface
geometry is complex, and the lifetime τ is short compared to the time required for a full
cyclotron orbit, Equation 1 can still be solved numerically. Because the Fermi velocity v that
enters Equation 1 depends uniquely on the band-structure (k) via v = 1~
~∇k(k), we can fit
the full φ and θ dependent magnetoresistance to Equation 1 and recover the bandstructure
(k). Details of this procedure are given in the supplementary information. This technique
is particularly sensitive in quasi-2D metals, such as organic conductors [35–38], Sr2RuO4
[39, 40], and both CDW reconstructed [41] and overdoped cuprates [18, 42].
DOPING p = 0.24 > p∗
We begin by examining Nd-LSCO p = 0.24, just above the critical doping p? = 0.23. At
p = 0.24 there is no pseudogap, and the Fermi surface is well-characterized by ARPES [11].
Figure 1d shows the ADMR for Nd-LSCO p = 0.24. The peak in resistivity near θ = 40◦ is
related to the length of the Fermi wavevector, kF (see SI for details). For a Fermi surface
with the simplest sinusoidal dispersion along kz, the exact solution of Equation 1 shows that
the ADMR evolves with θ as ρzz ∝ 1/ (J0 (ckF tan θ))2, where c is the inter-layer lattice
constant, kF is the Fermi wavevector in the direction φ, and J0 is the 0
th Bessel function
of the first kind. The peak near θ = 40◦ for φ = 45◦ rotations suggests that kF ≈ 7 nm−1
in this direction, or equivalently that the Fermi surface spans roughly half of the Brillouin
zone diagonal (see Figure 2b). While this analysis is not quantitative when the mean free
path becomes short (and as we will show below, the mean free path near the anti-nodes
6is particularly short), and the functional form is more complex when details of the three-
dimensional Fermi surface are incorporated, it serves to illustrate that the data at p = 0.24
qualitatively suggest a large Fermi surface, similar to what is observed by ARPES [11].
To obtain a quantitative description of the Fermi surface, we model the full angle and
temperature-dependent magnetoresistance, shown in Figure 2. We start with a tight-binding
model of the electronic band structure, taking hopping parameters directly from ARPES
[11], including the inter-layer dispersion [12] (see SI for the full tight-binding model and
parameters). We calculate the conductivity directly from this tight-binding dispersion using
Chambers’ solution of the Boltzmann transport equation [33], as given in Equation 1. Under
the assumption that the relaxation-time approximation holds in this system, this is an
exact solution for the resistivity, to all orders in magnetic field, for arbitrary Fermi surface
geometry and magnetic field direction [43]. Details of the calculation can be found in the
SI.
One advantage of ADMR over other Fermi-surface measurement techniques is its partic-
ular sensitivity to the momentum-dependent quasiparticle lifetime τ(k) [44]. While τ(k) is
often taken to be k-independent [18, 37], this model is insufficient for Nd-LSCO p = 0.24
because the Fermi surface passes close to the Brillouin zone boundary where the van Hove
singularity produces a large density of states [11] (Figure 2b). This large density of states,
along with the possibility of scattering from quantum critical fluctuations in the same region
of momentum space [45], motivates a model whereby the quasiparticle lifetime is suppressed
near the anti-nodal regions of the Fermi surface. We capture both of these effects with a
simple three-parameter scattering-rate 1/τ(k) model (see SI for details),and these are the
only free parameters in our model. Similar angle-dependent scattering rate proposals have
been used to model quantum oscillations in κ−(BEDT−TTF)2Cu(NCS)2 [46], and ADMR
in Tl2Ba2CuO6+δ [44, 47].
Figure 2a shows the ADMR for p = 0.24 at four different temperatures, along with the
ADMR obtained from solving the Chambers formula. This simulation reproduces the key
features of the data, including the position of the maximum near θ = 40◦, the onset of
φ-dependence beyond θ = 40◦, and the φ-dependent peak/dip near θ = 90◦. The overall
magnitude of the ADMR, ' 1% at T = 25 K, ' 2% at T = 6 K, is also reproduced. The
small magnitude of the signal indicates a small ratio of the quasiparticle scattering time τ to
the time that it takes a quasiparticle to traverse the Fermi surface, 2pi/ωc ≡ 2pim?/eB, where
7FIG. 2. Fermi surface of Nd-LSCO at p = 0.24. (a) Left panels: The angle-dependent mag-
netoresistance of Nd-LSCO at p = 0.24 as a function of θ for four different temperatures, T = 25,
20, 12, 6 K, and at B = 45 T. The grey bar near θ = 90◦ for T = 6 K and 12 K indicates the
presence of superconductivity. Right panels: simulations obtained from the Chambers formula,
using the tight-binding parameters from ARPES measurements [12], and in which the relaxation
time τ(k) is the only free parameter. (b) The Fermi surface used for the calculation in panel (a),
shown as cuts at kz = 0, pi/c, and 2pi/c, where c is the height of the body-centered-tetragonal unit
cell (and c/2 is the distance between copper oxide layers). (c) The full 3D Fermi surface obtained
from ADMR at p = 0.24. The coloring corresponds to the vz component of the Fermi velocity,
with positive vz in teal, negative vz in purple, and vz = 0 in magenta. A single cyclotron orbit,
perpendicular to the magnetic field, is drawn in black, with the Fermi velocity at different points
around the orbit shown as gray arrows. The strong variation in vz around the cyclotron orbits is
what leads to ADMR.
ωc is the cyclotron frequency, m
? is the cyclotron effective mass, e is the electron charge, and
8B is the magnetic field. This quantity, typically reported as ωcτ , has an orbitally-averaged
value of ωcτ = 0.024  1 at T = 25 K, B = 45 T with B ‖ cˆ. For comparison, ωcτ
in the cuprate Tl-2201 was found to be 0.45, producing a ∆ρ/ρ of order 1 [18]. ωcτ also
determines the amplitude of quantum oscillations through the Dingle factor RD ≡ e−
pi
ωcτ . An
ωcτ of 0.024 produces a Dingle factor of RD ∼ 10−57, which clearly explains why quantum
oscillations are not observable in Nd-LSCO. Unlike quantum oscillations, however, ADMR
does not require complete cyclotron orbits, and as we will show below, the nodal regions of
the Fermi surface have a much longer τ and thus produce a finite ADMR.
To determine how strongly the ADMR data constrains the Fermi surface and scattering
rate models, we developed a genetic algorithm to search a broad range of tight-binding and
scattering-rate fit parameters. The best-fit only shifts the tight-binding parameters by a few
percent from those determined by ARPES, with no qualitative difference in the simulation
(see SI for details of the fitting). This best-fit Fermi surface is shown in Figure 2b and
c, and is nearly indistinguishable from the Fermi surface measured by ARPES [11]. This
demonstrates that fitting the ADMR data directly arrives at a physically realistic set of
fit parameters that agree with ARPES. The three-parameter scattering rate model was
also optimized using the genetic algorithm: as expected, the quasiparticle lifetime is highly
suppressed near the anti-nodal region of the Fermi surface. Figure 3a shows the φ-dependent
τ(k) that results from fitting the ADMR at all four temperatures for p = 0.24.
To further validate our model we use the fitted Fermi surface and scattering rate to
calculate the in-plane transport coefficients. Figure 3c and d show the calculated values of
ρxx and ρxy plotted alongside the experimentally determined values [28]. The agreement is
quantitative to within 15 % at low temperature without fine-tuning the model (i.e. by fitting
the ADMR alone, whereas a more complex procedure would be to fit all transport coefficients
at once). Our model produces a resistivity anisotropy of ρxx/ρzz ≈ 215, again within 15 %
of the experimentally determined value of ρxx/ρzz ≈ 250 [28]. Note that while the Fermi
surface for p = 0.24 is electron-like, both the measured and calculated Hall coefficients are
hole-like (Figure 3d). As explained in previous studies of the Hall coefficient of LSCO [48],
this is because ρxx and ρxy are dominated by the nodal regions of the Fermi surface, where
τ(k) is long, and where the Fermi surface curvature appears hole-like [49]. An anisotropic
scattering rate that is peaked near the anti-nodal regions of the Fermi surface is therefore
not only needed to correctly model the ADMR, but also to obtain the correct sign and
9magnitude of the Hall coefficient. The microscopic origin of this angle-dependent scattering
rate was explained by Abrahams and Varma [50] as coming from small-angle scattering that
is strongest in regions of the Fermi surface with a high density of states. This explanation
is naturally consistent with the Fermi surface geometry of Nd-LSCO p = 0.24, which passes
close to the van Hove singularity at the zone boundary.
A hallmark feature of cuprates near p? is resistivity that varies linearly with temperature
[31]. Figure 3b plots the scattering rate we extract from the nodal region of the Fermi
surface, which dominates the in-plane transport. We find that this scattering rate is very
near the Planckian bound, given by ~/τ = αkBT , where we find that α ' 1.5 ± 0.2. This
direct-measurement of a scattering rate near the Planckian bound suggests that linear-T
resistivity at this doping [28, 31] can be understood in terms of the temperature dependence
of the quasiparticle lifetime, without invoking any additional effects. The origin of this
temperature-dependent lifetime remains an important mystery.
DOPING p = 0.21 < p∗
We now turn to Nd-LSCO p = 0.21, below p? and inside the pseudogap phase, where
ARPES finds discontinuous segments of Fermi surface known as ‘arcs’ [11, 23, 24]. Com-
paring Figure 1c and d, it is immediately apparent that the structure of the ADMR is
qualitatively different inside and outside the pseudogap phase. In particular, the resistivity
peak near θ = 40◦ has disappeared for p = 0.21. The lack of any peak in the ADMR below
θ = 90◦ suggests that kF has decreased considerably, pushing the first ADMR peak out to
high θ. Note that the magnitude of the ADMR observed on each side of p? is similar (Fig-
ure 1c and d), suggesting that the scattering rate amplitude remains roughly the same across
p?. This implies that qualitative differences in the data arise from different Fermi surface
geometries—that the Fermi surface is transformed across p?. This is our main finding.
To quantify this change in the Fermi surface, we test three different scenarios. For the
first scenario we use the same model that fit the ADMR at p = 0.24, and simply adjust the
chemical potential to decrease the hole concentration. Indeed, this produces a qualitative
difference in the Fermi surface: in Nd-LSCO, the Fermi surface is known to change from
electron-like at p = 0.24 to hole-like at p = 0.21 as the Fermi level crosses a van Hove
singularity at p w 0.23 [11]. If this were the only change to the Fermi surface upon crossing
10
FIG. 3. Quasiparticle lifetime and transport coefficients of Nd-LSCO at p = 0.24. (a)
τ(k) extracted from the fit in Figure 2a. Note the short lifetime near the anti-nodes, where the
Fermi surface passes close to the van Hove point (Fig. 2b). (b) The scattering rate, 1/τ , in the
nodal direction as a function of temperature, plotted as ~/τ vs. T . The colors correspond to
temperatures from panel (a). The dashed line is a linear fit to the four points, yielding a slope
1.5 kBT . This illustrates that the temperature-dependent part of the scattering rate is near the
Planckian limit of ~/τ ' kBT [31]. ρxx and RH calculated from the Chambers formula, using the
same parameters as those used to calculate the ADMR at p = 0.24, are shown with colored dots in
(c) and (d). The solid black curves are the measured resistivity and Hall coefficient of Nd-LSCO
with p = 0.24 (from ref. 28). Only the c-axis ADMR was fit to obtain the parameters used to
calculate ρxx and RH—no further adjustment was made to match the data.
p?, one would expect the p = 0.21 data to be fairly well described by the same tight-binding
model and scattering rate parameters used to fit the p = 0.24 data, with the chemical
potential adjusted to decrease the hole concentration. The simulated data for this simple
model is shown in Figure 4b. Instead of describing the data for p = 0.21, however, this
simulation appears nearly identical to that for p = 0.24. Simply shifting the chemical
11
potential to adjust the doping fails to produce a difference in the ADMR because the nodal
regions of the Fermi surface dominate the conductivity due to their longer quasiparticle
lifetime — the anti-nodal regions, which pass through the van Hove singularity when crossing
p?, experience strong scattering and a small Fermi velocity, and thus contribute very little
to the total conductivity. This model in some ways is a simple description of Fermi arcs,
whereby the anti-nodal quasiparticle lifetime is suppressed. Even after performing a fit
using the genetic algorithm, allowing for a broad range of band-structure and scattering-
rate parameters, a large un-reconstructed Fermi surface is unable to reproduce the ADMR
at p = 0.21 (see SI). This confirms that the Fermi surface is fundamentally transformed
inside the pseudogap phase.
The second scenario that we test is a small electron pocket at nodal positions in the
Brillouin zone, as in Figure 4c. This is the Fermi surface that results from Fermi surface
reconstruction (FSR) caused by a bi-axial charge density wave, which has been reported in
several underdoped cuprates [2, 3, 6, 7, 51–54]. This FSR is the most likely origin of the
small electron pocket found in YBa2Cu3O6+x and HgBa2CuO4+x [25, 26, 41, 55–57]. For
YBa2Cu3O6.6 at p = 0.11, where there is CDW order, this particular Fermi surface accounts
well for the ADMR [41]. We use a commensurate CDW with a periodicity of 3 lattice
spacings in both in-plane directions. Figure 4c shows the diamond-shape pocket that results
from this FSR. We simulate the ADMR for this pocket using the same method described
earlier, the results of which are shown in Figure 4d (this simulated ADMR is similar to, albeit
weaker than, what is observed in YBa2Cu3O6.6 [41]). These simulations do not agree at all
with the ADMR for Nd-LSCO p = 0.21. Allowing the tight-binding and gap parameters
to vary, or using a d-wave form-factor for the CDW gap, fails to produce a qualitatively
different fit than what is shown in Figure 4d. This suggests that the FSR in this region of
the phase diagram is not due to CDW order. Indeed, CDW order in La1.6−xNd0.4SrxCuO4
and other cuprates appears to be, in general, limited to a narrower range of dopings and
temperatures than the pseudogap phase itself [58, 59].
Finally, we consider a third Fermi-surface scenario—reconstruction with a Q = (pi, pi)
wavevector (Figure 4e). The ADMR for this FSR, starting with the same tight-binding
parameters as the p = 0.24 simulation, is shown in Figure 4f. This Fermi surface reproduces
all critical features of the data for p = 0.21: the resistivity initially decreases with increasing
θ; there is a minimum near θ = 60◦; and the peak at 90◦ is strongest along φ = 0◦ and
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FIG. 4. Fermi surface reconstruction in Nd-LSCO at p = 0.21. The top three panels show the
Fermi surface for three different scenarios, and the bottom three panels show the resulting ADMR
simulations. (b) Calculated ADMR using the same tight-binding and scattering rate parameters
as in Figure 2a, but with the chemical potential shifted past the van Hove singularity (p ≈ 0.23) to
p = 0.21, for which the Fermi surface is shown in panel (a). (d) Calculated ADMR for a period-3
CDW reconstructed Fermi surface; the section of reconstructed Fermi surface used to calculate the
ADMR is highlighted in orange in panel (c), the unreconstructed Fermi surface is shown with a
blue dashed line. These are the small nodal electron pockets believed to result from CDW order in
YBa2Cu3O6+x and are able to account for the ADMR in YBa2Cu3O6+x at p = 0.11. (f) Calculated
ADMR for reconstruction of the Fermi surface caused by a (pi, pi) order parameter, using the same
tight-binding parameters as Figure 2, a gap of 58 kelvin, and a constant scattering rate; (e) The
hole pockets used to simulate the ADMR in (f) are highlighted in orange.
weakest along φ = 45◦. The gap magnitude (the strength of the potential associated with
the FSR) that best reproduces the data is 58 kelvin — comparable to the onset temperature
T ? of the pseudogap phase at this doping [11, 29]. We find that a momentum-independent
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scattering rate is sufficient to reproduce the data, consistent with the fact that the scattering
rate in the nodal region of Fermi surface is relatively constant for p = 0.24 ( Figure 3a).
DISCUSSION
Our main finding is a qualitative change in the ADMR across p? that signifies a Fermi
surface transformation. For p > p?, near perfect agreement is found between the Fermi
surface measured by ADMR and the Fermi surface measured by ARPES. For p < p?,
however, we find that the ADMR is best described by a Fermi surface composed of nodal
hole pockets that result from a Q = (pi, pi) reconstruction. This reconstruction is consistent
with the transition from a carrier density n = 1+p at p > p? to a density of n = p at p < p?,
as revealed by the Hall coefficient [29, 30]. It is natural to ask what microscopic mechanism
could give rise to such a reconstruction inside the pseudogap phase, given that there is no
direct experimental evidence for Q = (pi, pi) order. Many proposals that break translational
symmetry in exactly this way have been put forward, including d-density wave order [13],
staggered loop-current order [60], and of course local-moment antiferromagnetism or spin-
density-wave order [61, 62]. There have also been proposals to produce such a reconstructed
Fermi surface without breaking translational symmetry, including the Zhang-Rice ansatz
[14], staggered fluxes [63], and topological order [64]. Even if no static long-range order is
present, it may be enough for an order parameter to appear static on timescales of order
of the quasiparticle lifetime (≈ 0.1 ps, Figure 3a) and over length-scales of order of the
cyclotron radius (≈ 20 nm at 45 tesla) [65].
ACKNOWLEDGMENTS
A portion of this work was performed at the National High Magnetic Field Laboratory,
which is supported by the National Science Foundation Cooperative Agreement No. DMR-
1644779 and the State of Florida. PAG acknowledges that this project is supported by the
European Research Council (ERC) under the European Unions Horizon 2020 research and
innovation program (Grant Agreement No. 681260).
J.-S.Z. was supported by an NSF grant (MRSEC DMR-1720595). L.T. acknowledges
support from the Canadian Institute for Advanced Research (CIFAR) as a Fellow and fund-
14
ing from the Natural Sciences and Engineering Research Council of Canada (NSERC; PIN:
123817), the Fonds de recherche du Que´bec - Nature et Technologies (FRQNT), the Canada
Foundation for Innovation (CFI), and a Canada Research Chair. This research was under-
taken thanks in part to funding from the Canada First Research Excellence Fund. Part of
this work was funded by the Gordon and Betty Moore Foundations EPiQS Initiative (Grant
GBMF5306 to L.T.) B.J.R. and Y.F. acknowledge funding from the National Science Foun-
dation under grant no. DMR-1752784.
AUTHOR CONTRIBUTIONS
A.L., P.G., L.T., and B.J.R. conceived the experiment. J.-S.Z. grew the samples. A.L.,
F.L., A.A., C.C. and M.D. performed the sample preparation and characterization. Y.F.,
G.G., A.L., D.G., P.G., and B.J.R. performed the high magnetic field measurements at the
National High Magnetic Field Laboratory. Y.F., G.G., S.V., M.J.L., and B.J.R. performed
the data analysis and simulations. Y.F., G.G., S.V., P.G., L.T., and B.J.R. wrote the
manuscript with input from all other co-authors. L.T. and B.J.R. supervised the project.
COMPETING INTERESTS
The authors declare no competing interests.
∗ These authors contributed equally to this work
† To whom correspondence should be addressed, bradramshaw@cornell.edu
[1] Bernhard Keimer, Steven A Kivelson, Michael R Norman, Shinichi Uchida, and J Zaanen.
From quantum matter to high-temperature superconductivity in copper oxides. Nature, 518
(7538):179, 2015.
[2] JE Hoffman, EW Hudson, KM Lang, V Madhavan, H Eisaki, S Uchida, and JC Davis.
A four unit cell periodic pattern of quasi-particle states surrounding vortex cores in
Bi2Sr2CaCu2O8+δ. Science, 295(5554):466–469, 2002.
15
[3] Michael Vershinin, Shashank Misra, S Ono, Y Abe, Yoichi Ando, and Ali Yazdani. Local
ordering in the pseudogap state of the high-Tc superconductor Bi2Sr2CaCu2O8+δ. Science,
303(5666):1995–1998, 2004.
[4] B. Fauque´, Y. Sidis, V. Hinkov, S. Pailhe`s, C. T. Lin, X. Chaud, and P. Bourges. Mag-
netic order in the pseudogap phase of high-TC superconductors. Phys. Rev. Lett., 96:197001,
May 2006. doi:10.1103/PhysRevLett.96.197001. URL https://link.aps.org/doi/10.1103/
PhysRevLett.96.197001.
[5] Jing Xia, Elizabeth Schemm, G Deutscher, SA Kivelson, DA Bonn, WN Hardy, R Liang,
W Siemons, Gertjan Koster, MM Fejer, et al. Polar kerr-effect measurements of the high-
temperature YBa2Cu3O6+x superconductor: evidence for broken symmetry near the pseudo-
gap temperature. Physical Review Letters, 100(12):127002, 2008.
[6] Tao Wu, Hadrien Mayaffre, Steffen Kra¨mer, Mladen Horvatic´, Claude Berthier, WN Hardy,
Ruixing Liang, DA Bonn, and Marc-Henri Julien. Magnetic-field-induced charge-stripe order
in the high-temperature superconductor YBa2Cu3Oy. Nature, 477(7363):191, 2011.
[7] G Ghiringhelli, M Le Tacon, Matteo Minola, S Blanco-Canosa, Claudio Mazzoli, NB Brookes,
GM De Luca, A Frano, DG Hawthorn, F He, et al. Long-range incommensurate charge
fluctuations in (Y,Nd)Ba2Cu3O6+x. Science, 337(6096):821–825, 2012.
[8] Arkady Shekhter, BJ Ramshaw, Ruixing Liang, WN Hardy, DA Bonn, Fedor F Balakirev,
Ross D McDonald, Jon B Betts, Scott C Riggs, and Albert Migliori. Bounding the pseudogap
with a line of phase transitions in YBa2Cu3O6+δ. Nature, 498(7452):75, 2013.
[9] K Fujita, Chung Koo Kim, Inhee Lee, Jinho Lee, MH Hamidian, IA Firmo, S Mukhopadhyay,
H Eisaki, S Uchida, MJ Lawler, et al. Simultaneous transitions in cuprate momentum-space
topology and electronic symmetry breaking. Science, 344(6184):612–616, 2014.
[10] L Zhao, CA Belvin, R Liang, DA Bonn, WN Hardy, NP Armitage, and D Hsieh. A global
inversion-symmetry-broken phase inside the pseudogap region of yba 2 cu 3 o y. Nature
Physics, 13(3):250, 2017.
[11] Christian E Matt, Claudia G Fatuzzo, Yasmine Sassa, Martin Ma˚nsson, S Fatale, V Bitetta,
X Shi, Ste´phane Pailhe`s, MH Berntsen, Tohru Kurosawa, et al. Electron scattering, charge
order, and pseudogap physics in La1.6−xNd0.4SrxCuO4: an angle-resolved photoemission spec-
troscopy study. Physical Review B, 92(13):134524, 2015.
16
[12] Masafumi Horio, Kevin Hauser, Yasmine Sassa, Zarina Mingazheva, Denys Sutter, Kevin
Kramer, Ashley Cook, Elisabetta Nocerino, Ola Kenji Forslund, Oscar Tjernberg, et al. Three-
dimensional fermi surface of overdoped La-based cuprates. Physical review letters, 121(7):
077004, 2018.
[13] Sudip Chakravarty, RB Laughlin, Dirk K Morr, and Chetan Nayak. Hidden order in the
cuprates. Physical Review B, 63(9):094503, 2001.
[14] T Maurice Rice, Kai-Yu Yang, and Fu-Chun Zhang. A phenomenological theory of the anoma-
lous pseudogap phase in underdoped cuprates. Reports on Progress in Physics, 75(1):016502,
2011.
[15] W. W. Warren, R. E. Walstedt, G. F. Brennert, R. J. Cava, R. Tycko, R. F. Bell, and
G. Dabbagh. Cu spin dynamics and superconducting precursor effects in planes above Tc in
YBa2Cu3O6.7. Phys. Rev. Lett., 62:1193–1196, Mar 1989. doi:10.1103/PhysRevLett.62.1193.
URL https://link.aps.org/doi/10.1103/PhysRevLett.62.1193.
[16] AV Puchkov, DN Basov, and T Timusk. The pseudogap state in high-superconductors: an
infrared study. Journal of Physics: Condensed Matter, 8(48):10049, 1996.
[17] MR Norman, H Ding, M Randeria, JC Campuzano, Takayoshi Yokoya, T Takeuchi, T Taka-
hashi, T Mochiku, K Kadowaki, P Guptasarma, et al. Destruction of the fermi surface in
underdoped high-Tc superconductors. Nature, 392(6672):157, 1998.
[18] NE Hussey, M Abdel-Jawad, A Carrington, AP Mackenzie, and L Balicas. A coherent three-
dimensional fermi surface in a high-transition-temperature superconductor. Nature, 425(6960):
814, 2003.
[19] B Vignolle, A Carrington, RA Cooper, MMJ French, AP Mackenzie, C Jaudet, D Vignolles,
Cyril Proust, and NE Hussey. Quantum oscillations in an overdoped high-Tc superconductor.
Nature, 455(7215):952, 2008.
[20] M. Plate´, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn,
W. N. Hardy, S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli. Fermi sur-
face and quasiparticle excitations of overdoped Tl2Ba2CuO6+δ. Phys. Rev. Lett., 95:077001,
Aug 2005. doi:10.1103/PhysRevLett.95.077001. URL https://link.aps.org/doi/10.1103/
PhysRevLett.95.077001.
[21] B. Michon, A. Ataei, P. Bourgeois-Hope, C. Collignon, S. Y. Li, S. Badoux, A. Gourgout,
F. Laliberte´, J.-S. Zhou, Nicolas Doiron-Leyraud, and Louis Taillefer. Wiedemann-franz
17
law and abrupt change in conductivity across the pseudogap critical point of a cuprate su-
perconductor. Phys. Rev. X, 8:041010, Oct 2018. doi:10.1103/PhysRevX.8.041010. URL
https://link.aps.org/doi/10.1103/PhysRevX.8.041010.
[22] D. S. Marshall, D. S. Dessau, A. G. Loeser, C-H. Park, A. Y. Matsuura, J. N. Eckstein, I. Bo-
zovic, P. Fournier, A. Kapitulnik, W. E. Spicer, and Z.-X. Shen. Unconventional electronic
structure evolution with hole doping in Bi2Sr2CaCu2O8+δ: Angle-resolved photoemission re-
sults. Phys. Rev. Lett., 76:4841–4844, Jun 1996. doi:10.1103/PhysRevLett.76.4841. URL
https://link.aps.org/doi/10.1103/PhysRevLett.76.4841.
[23] T Yoshida, XJ Zhou, T Sasagawa, WL Yang, PV Bogdanov, A Lanzara, Z Hussain, T Mi-
zokawa, A Fujimori, H Eisaki, et al. Metallic behavior of lightly doped La2−xSrxCuO4 with a
fermi surface forming an arc. Physical review letters, 91(2):027001, 2003.
[24] Kiyohisa Tanaka, WS Lee, DH Lu, A Fujimori, T Fujii, I Terasaki, DJ Scalapino, TP De-
vereaux, Z Hussain, Z-X Shen, et al. Distinct fermi-momentum-dependent energy gaps in
deeply underdoped Bi2212. Science, 314(5807):1910–1913, 2006.
[25] Nicolas Doiron-Leyraud, Cyril Proust, David LeBoeuf, Julien Levallois, Jean-Baptiste Bon-
nemaison, Ruixing Liang, DA Bonn, WN Hardy, and Louis Taillefer. Quantum oscillations
and the fermi surface in an underdoped high-Tc superconductor. Nature, 447(7144):565, 2007.
[26] Neven Bariˇsic´, Sven Badoux, Mun K Chan, Chelsey Dorow, Wojciech Tabis, Baptiste Vignolle,
Guichuan Yu, Je´roˆme Be´ard, Xudong Zhao, Cyril Proust, et al. Universal quantum oscillations
in the underdoped cuprate superconductors. Nature Physics, 9(12):761, 2013.
[27] BJ Ramshaw, SE Sebastian, RD McDonald, James Day, BS Tan, Z Zhu, JB Betts, Ruixing
Liang, DA Bonn, WN Hardy, et al. Quasiparticle mass enhancement approaching optimal
doping in a high-Tc superconductor. Science, 348(6232):317–320, 2015.
[28] Ramzy Daou, Nicolas Doiron-Leyraud, David LeBoeuf, SY Li, Francis Laliberte´, Olivier Cyr-
Choiniere, YJ Jo, Luis Balicas, J-Q Yan, J-S Zhou, et al. Linear temperature dependence
of resistivity and change in the fermi surface at the pseudogap critical point of a high-Tc
superconductor. Nature Physics, 5(1):31, 2009.
[29] C Collignon, S Badoux, SAA Afshar, B Michon, F Laliberte´, O Cyr-Choinie`re, J-S Zhou,
S Licciardello, S Wiedmann, N Doiron-Leyraud, et al. Fermi-surface transformation across
the pseudogap critical point of the cuprate superconductor La1.6−xNd0.4SrxCuO4. Physical
Review B, 95(22):224517, 2017.
18
[30] S Badoux, W Tabis, F Laliberte´, G Grissonnanche, B Vignolle, D Vignolles, Jerome Be´ard,
DA Bonn, WN Hardy, R Liang, et al. Change of carrier density at the pseudogap critical
point of a cuprate superconductor. Nature, 531(7593):210, 2016.
[31] A Legros, S Benhabib, W Tabis, F Laliberte´, M Dion, M Lizaire, B Vignolle, D Vignolles,
H Raffy, ZZ Li, et al. Universal T-linear resistivity and planckian dissipation in overdoped
cuprates. Nature Physics, 15(2):142–147, 2019.
[32] B Michon, C Girod, S Badoux, J Kacˇmarcˇ´ık, Q Ma, M Dragomir, HA Dabkowska, BD Gaulin,
J-S Zhou, S Pyon, et al. Thermodynamic signatures of quantum criticality in cuprate super-
conductors. Nature, 567(7747):218, 2019.
[33] R G Chambers. The kinetic formulation of conduction problems. Proceedings of the Physical
Society. Section A, 65(6):458–459, jun 1952.
[34] Kunihiko Yamaji. On the angle dependence of the magnetoresistance in quasi-two-dimensional
organic superconductors. Journal of the Physical Society of Japan, 58(5):1520–1523, 1989.
[35] Cyril Proust, Alain Audouard, Alexei Kovalev, David Vignolles, Mark Kartsovnik, Luc
Brossard, and Natalia Kushch. Quantum oscillations and phase diagram of α −
(BEDT− TTF)2TlHg(SCN)4. Physical Review B, 62(4):2388, 2000.
[36] John Singleton. Studies of quasi-two-dimensional organic conductors based on BEDT-TTF
using high magnetic fields. Reports on Progress in Physics, 63(8):1111, 2000.
[37] PA Goddard, SJ Blundell, J Singleton, RD McDonald, A Ardavan, A Narduzzo, JA Schlueter,
AM Kini, and T Sasaki. Angle-dependent magnetoresistance of the layered organic supercon-
ductor κ − (ET)2Cu(NCS)2: Simulation and experiment. Physical Review B, 69(17):174509,
2004.
[38] Mark V Kartsovnik. High magnetic fields: a tool for studying electronic properties of layered
organic metals. Chemical reviews, 104(11):5737–5782, 2004.
[39] E Ohmichi, Hiroto Adachi, Y Mori, Y Maeno, T Ishiguro, and T Oguchi. Angle-dependent
magnetoresistance oscillation in the layered perovskite Sr2RuO4. Physical Review B, 59(11):
7263, 1999.
[40] C Bergemann, AP Mackenzie, SR Julian, D Forsythe, and E Ohmichi. Quasi-two-dimensional
fermi liquid properties of the unconventional superconductor Sr2RuO4. advances in Physics,
52(7):639–725, 2003.
19
[41] BJ Ramshaw, N Harrison, SE Sebastian, S Ghannadzadeh, KA Modic, DA Bonn, WN Hardy,
Ruixing Liang, and PA Goddard. Broken rotational symmetry on the fermi surface of a high-Tc
superconductor. npj Quantum Materials, 2(1):8, 2017.
[42] MV Kartsovnik, T Helm, C Putzke, F Wolff-Fabris, I Sheikin, S Lepault, Cyril Proust, D Vi-
gnolles, N Bittner, W Biberacher, et al. Fermi surface of the electron-doped cuprate super-
conductor Nd2−xCexCuO4 probed by high-field magnetotransport. New Journal of Physics,
13(1):015001, 2011.
[43] Akash V. Maharaj, Ilya Esterlis, Yi Zhang, B. J. Ramshaw, and S. A. Kivelson.
Hall number across a van hove singularity. Phys. Rev. B, 96:045132, Jul 2017. doi:
10.1103/PhysRevB.96.045132. URL https://link.aps.org/doi/10.1103/PhysRevB.96.
045132.
[44] JG Analytis, M Abdel-Jawad, L Balicas, MMJ French, and NE Hussey. Angle-dependent
magnetoresistance measurements in Tl2Ba2CuO6+δ and the need for anisotropic scattering.
Physical Review B, 76(10):104523, 2007.
[45] Samuel Lederer, Yoni Schattner, Erez Berg, and Steven A Kivelson. Superconductivity and
non-fermi liquid behavior near a nematic quantum critical point. Proceedings of the National
Academy of Sciences, 114(19):4905–4910, 2017.
[46] I. Mihut, C. C. Agosta, C. Martin, C. H. Mielke, T. Coffey, M. Tokumoto, M. Kurmoo,
J. A. Schlueter, P. Goddard, and N. Harrison. Incoherent bragg reflection and fermi-surface
hot spots in a quasi-two-dimensional metal. Phys. Rev. B, 73:125118, Mar 2006. doi:
10.1103/PhysRevB.73.125118. URL https://link.aps.org/doi/10.1103/PhysRevB.73.
125118.
[47] M Abdel-Jawad, MP Kennett, L Balicas, A Carrington, AP Mackenzie, RH McKenzie,
and NE Hussey. Anisotropic scattering and anomalous normal-state transport in a high-
temperature superconductor. Nature Physics, 2(12):821–825, 2006.
[48] A. Narduzzo, G. Albert, M. M. J. French, N. Mangkorntong, M. Nohara, H. Takagi, and N. E.
Hussey. Violation of the isotropic mean free path approximation for overdoped La2−xSrxCuO4.
Phys. Rev. B, 77:220502, Jun 2008. doi:10.1103/PhysRevB.77.220502. URL https://link.
aps.org/doi/10.1103/PhysRevB.77.220502.
[49] N. P. Ong. Geometric interpretation of the weak-field hall conductivity in two-dimensional
metals with arbitrary fermi surface. Phys. Rev. B, 43:193–201, Jan 1991. doi:
20
10.1103/PhysRevB.43.193. URL https://link.aps.org/doi/10.1103/PhysRevB.43.193.
[50] Elihu Abrahams and CM Varma. What angle-resolved photoemission experiments tell about
the microscopic theory for high-temperature superconductors. Proceedings of the National
Academy of Sciences, 97(11):5714–5716, 2000.
[51] Kazuhiro Fujita, Mohammad H Hamidian, Stephen D Edkins, Chung Koo Kim, Yuhki
Kohsaka, Masaki Azuma, Mikio Takano, Hidenori Takagi, Hiroshi Eisaki, Shin-ichi Uchida,
et al. Direct phase-sensitive identification of a d-form factor density wave in underdoped
cuprates. Proceedings of the National Academy of Sciences, 111(30):E3026–E3032, 2014.
[52] AJ Achkar, F He, R Sutarto, J Geck, H Zhang, Y-J Kim, and DG Hawthorn. Resonant
x-ray scattering measurements of a spatial modulation of the Cu 3d and O 2p energies in
stripe-ordered cuprate superconductors. Physical review letters, 110(1):017001, 2013.
[53] J Chang, E Blackburn, AT Holmes, Niels B Christensen, Jacob Larsen, J Mesot, Ruixing
Liang, DA Bonn, WN Hardy, A Watenphul, et al. Direct observation of competition between
superconductivity and charge density wave order in YBa2Cu3O6.67. Nature Physics, 8(12):
871, 2012.
[54] David LeBoeuf, S Kra¨mer, WN Hardy, Ruixing Liang, DA Bonn, and Cyril Proust. Thermo-
dynamic phase diagram of static charge order in underdoped YBa2Cu3Oy. Nature Physics, 9
(2):79, 2013.
[55] David LeBoeuf, Nicolas Doiron-Leyraud, Julien Levallois, Ramzy Daou, J-B Bonnemaison,
NE Hussey, Luis Balicas, BJ Ramshaw, Ruixing Liang, DA Bonn, WN Hardy, S Adachi,
Cyril Proust, and Louis Taillefer. Electron pockets in the fermi surface of hole-doped high-Tc
superconductors. Nature, 450(7169):533, 2007.
[56] Suchitra E Sebastian, N Harrison, E Palm, TP Murphy, CH Mielke, Ruixing Liang, DA Bonn,
WN Hardy, and GG Lonzarich. A multi-component fermi surface in the vortex state of an
underdoped high-Tc superconductor. Nature, 454(7201):200, 2008.
[57] Nicolas Doiron-Leyraud, S. Lepault, O. Cyr-Choinie`re, B. Vignolle, G. Grissonnanche, F. Lal-
iberte´, J. Chang, N. Bariˇsic´, M. K. Chan, L. Ji, X. Zhao, Y. Li, M. Greven, C. Proust, and
Louis Taillefer. Hall, seebeck, and nernst coefficients of underdoped HgBa2CuO4+δ: Fermi-
surface reconstruction in an archetypal cuprate superconductor. Phys. Rev. X, 3:021019,
Jun 2013. doi:10.1103/PhysRevX.3.021019. URL https://link.aps.org/doi/10.1103/
PhysRevX.3.021019.
21
[58] S. Badoux, S. A. A. Afshar, B. Michon, A. Ouellet, S. Fortier, D. LeBoeuf, T. P. Croft,
C. Lester, S. M. Hayden, H. Takagi, K. Yamada, D. Graf, N. Doiron-Leyraud, and Louis
Taillefer. Critical doping for the onset of fermi-surface reconstruction by charge-density-wave
order in the cuprate superconductor La2−xSrxCuO4. Phys. Rev. X, 6:021004, Apr 2016.
doi:10.1103/PhysRevX.6.021004. URL https://link.aps.org/doi/10.1103/PhysRevX.6.
021004.
[59] Cyril Proust and Louis Taillefer. The remarkable underlying ground states of cuprate super-
conductors. Annual Review of Condensed Matter Physics, 10:409–429, 2019.
[60] Zi-Xiang Li and Dung-Hai Lee. The thermal hall conductance of a symmetry-breaking topo-
logical insulator, 2019.
[61] Sylvia K. Lewin and James G. Analytis. Angle-dependent magnetoresistance oscillations
of cuprate superconductors in a model with fermi surface reconstruction and magnetic
breakdown. Phys. Rev. B, 92:195130, Nov 2015. doi:10.1103/PhysRevB.92.195130. URL
https://link.aps.org/doi/10.1103/PhysRevB.92.195130.
[62] JG Storey. Hall effect and fermi surface reconstruction via electron pockets in the high-Tc
cuprates. EPL (Europhysics Letters), 113(2):27003, 2016.
[63] Xiao-Gang Wen and Patrick A. Lee. Theory of underdoped cuprates. Phys. Rev. Lett., 76:
503–506, Jan 1996. doi:10.1103/PhysRevLett.76.503. URL https://link.aps.org/doi/10.
1103/PhysRevLett.76.503.
[64] Mathias S Scheurer, Shubhayu Chatterjee, Wei Wu, Michel Ferrero, Antoine Georges, and
Subir Sachdev. Topological order in the pseudogap metal. Proceedings of the National Academy
of Sciences, 115(16):E3665–E3672, 2018.
[65] Yuval Gannot, Brad J Ramshaw, and Steven A Kivelson. Fermi surface reconstruction by a
charge density wave with finite correlation length. Physical Review B, 100(4):045128, 2019.
[66] G. Grissonnanche, S. Thriault, A. Gourgout, M. E. Boulanger, E. Lefranois, A. Ataei, F. Lalib-
ert, M. Dion, J. S. Zhou, S. Pyon, T. Takayama, H. Takagi, N. Doiron-Leyraud, and L. Taille-
fer. Phonons become chiral in the pseudogap phase of cuprates, 2020.
[67] G. Grissonnanche, A. Legros, S. Badoux, E. Lefranois, V. Zatko, M. Lizaire, F. Laliberte,
A. Gourgout, J.-S. Zhou, S. Pyon, T. Takayama, H. Takagi, S. Ono, N. Doiron-Leyraud, and
L. Taillefer. Giant thermal Hall conductivity in the pseudogap phase of cuprate supercon-
ductors. Nature, 571(7765):376, 2019. ISSN 1476-4687. doi:10.1038/s41586-019-1375-0. URL
22
https://www.nature.com/articles/s41586-019-1375-0.
[68] Sudip Chakravarty, Asle Sudbø, Philip W Anderson, and Steven Strong. Interlayer tunneling
and gap anisotropy in high-temperature superconductors. Science, 261(5119):337–340, 1993.
[69] Christoph Bergemann, SR Julian, AP Mackenzie, S NishiZaki, and Y Maeno. Detailed topog-
raphy of the fermi surface of Sr2RuO4. Physical review letters, 84(12):2662, 2000.
[70] Andre´-Marie S Tremblay. Two-particle-self-consistent approach for the hubbard model. In
Strongly Correlated Systems, pages 409–453. Springer, 2012.
[71] Suchitra E Sebastian, N Harrison, FF Balakirev, MM Altarawneh, PA Goddard, Ruixing
Liang, DA Bonn, WN Hardy, and GG Lonzarich. Normal-state nodal electronic structure in
underdoped high-Tc copper oxides. Nature, 511(7507):61, 2014.
[72] Andrea Allais, Debanjan Chowdhury, and Subir Sachdev. Connecting high-field quantum
oscillations to zero-field electron spectral functions in the underdoped cuprates. Nature com-
munications, 5(1):1–10, 2014.
[73] Mun K Chan, Neil Harrison, Ross David Mcdonald, BJ Ramshaw, Kim Ann Modic, N Bariˇsic´,
and Martin Greven. Single reconstructed fermi surface pocket in an underdoped single-layer
cuprate superconductor. Nature communications, 7(1):1–9, 2016.
[74] Scott C Riggs, O Vafek, JB Kemper, JB Betts, A Migliori, FF Balakirev, WN Hardy, Ruix-
ing Liang, DA Bonn, and GS Boebinger. Heat capacity through the magnetic-field-induced
resistive transition in an underdoped high-temperature superconductor. Nature Physics, 7(4):
332, 2011.
[75] Subir Sachdev and Rolando La Placa. Bond order in two-dimensional metals with antiferro-
magnetic exchange interactions. Physical review letters, 111(2):027202, 2013.
SUPPLEMENTARY INFORMATION
Material and Methods Single crystals of La2−y−xNdySrxCuO4 (Nd-LSCO) were grown
at the University of Texas at Austin using a traveling-float-zone technique, with a Nd content
y = 0.4 and nominal Sr concentrations x = 0.20, 0.21 and 0.25. The hole concentration p
is given by p = x, with an error bar ±0.003, except for the x = 0.25 sample, for which the
doping is p = 0.24 ± 0.005 (for more details, see ref. [29]). The value of Tc, defined as the
point of zero resistance, is: Tc = 15.5, 15 and 11 K for samples with x = 0.20, 0.21 and 0.24,
23
FIG. 5. An illustration of the sample mounting. Two samples were mounted on a G-10 wedge to
provide a φ angle of 30◦.
respectively. The pseudogap critical point in Nd-LSCO is at p∗ = 0.23 (ref. [29]).
Resistivity Measurements. Resistivity measurements were performed in the 45 T
hybrid magnet at the National High Magnetic Field Lab in Tallahassee, USA. The polar
angle θ between the crystalline cˆ-axis and the magnetic field was changed in situ continuously
from 0 to ≈ 110 degrees using a single-axis rotator. The azimuthal angle φ was changed by
placing the sample on top of G-10 wedges machined at different angles: 15◦, 30◦ and 45◦.
An illustration of the sample mounted on the rotator stage, with a G-10 wedge to set the
azimuthal angle to be 30◦, is shown in Figure 5. The sample resistance was measured with
a standard 4-point contact geometry using a Stanford Research 830 Lock-In Amplifier. The
samples were driven with IRMS = 1 mA.
Crystal structure of Nd-LSCO at p = 0.21 and p = 0.24. Recent dilatometry
measurements have been performed on samples cut from the same larger samples as the
ones we have measured here (see Extended Data Figure 7 in Grissonnanche et al. [66]).
These measurements show that both the p = 0.21 and p = 0.24 samples transition from the
low-temperature-orthorhombic (LTO) to the low-temperature-tetragonal (LTT) phase at 50
kelvin (p = 0.21) and 75 kelvin (p = 0.24) [67].
Semiclassical theory of ADMR. The semi-classical electrical conductivity of a metal
can be calculated by solving the Boltzmann transport equation within the relaxation-time
24
approximation. The approach most suitable for calculating angle-dependent magnetoresis-
tance was formulated by Chambers [33]. It provides an intuitive prescription for calculating
the full conductivity tensor σij in a magnetic field B, starting from an electronic tight-binding
model of the band structure, (k). Chambers’ solution is
σij =
e2
4pi3
∫
d3k
(
−df0
d
)
vi[k(t = 0)]
∫ 0
−∞
vj[k(t)] e
t/τdt, (2)
where
∫
d3k is an integral over the entire Brillouin zone,
(−df0
d
)
is the energy-derivative
of the equilibrium Fermi distribution function, vi is the i
th component of the quasiparticle
velocity, and
∫ 0
−∞ dt is an integral over the lifetime, τ , of a quasiparticle. The Fermi velocity
is calculated from the tight binding model as vF =
1
~
~∇k(k). The magnetic field, including
its orientation with respect to the crystal axes, enters through the Lorentz force, which acts
to evolve the momentum k of the quasiparticle through ~dk
dt
= ev×B. Because the magnetic
field is included explicitly in this manner, Chambers’ solution has the advantage of being
exact to all orders in magnetic field.
The conductivity of a general (k) can be calculated using Equation 2. The factor
(−df0
d
)
is approximated as a delta function at the Fermi energy in the limit that the temperature T is
much smaller than any of the hopping parameters in (k), as is the case for our experiments.
This delta function transforms the integral over the Brillouin zone into an integral over the
Fermi surface, and introduces a factor of 1/|~∇k(k)|, which is the density of states. To
perform the integrals in Equation 2 numerically, the Fermi surface is discretized into eight
layers along the c axis, with 56 points per layer, and each point is evolved in time using
the Lorentz force equation. This moves the quasiparticles along cyclotron orbits around the
Fermi surface, and their velocity is recorded at each position and integrated over time. The
weighting factor et/τ accounts for the scattering of the quasiparticles as they traverse the
orbit. In general, τ is taken to be a function of momentum, τ(k), and then the factor et/τ is
replaced by e
∫ 0
t dt
′/τ(k(t′)). More details can be found in Ramshaw et al. [41]. Equation 2 can
be used to calculate any component of the semiclassical conductivity tensor. We use this to
calculate ρc (= ρzz) in Figure 1, Figure 2, and Figure 4, as well as ρxx and ρxy in Figure 3.
Note that because of the highly 2D nature of the Fermi surface of Nd-LSCO, we neglect the
off-diagonal components of the conductivity tensor and use ρzz ≈ 1/σzz. For ρxx and ρxy we
invert the full in-plane conductivity tensor.
We use a three dimensional tight binding model of the Fermi surface that accounts for
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the body-centered tetragonal crystal structure of Nd-LSCO [12],
(kx, ky, kz) =− µ− 2t[cos(kxa) + cos(kya)]
− 4t′ cos(kxa) cos(kya)− 2t′′[cos(2kxa) + cos(2kya)]
− 2tz cos(kxa/2) cos(kya/2) cos(kzc/2)[cos(kxa)− cos(kya)]2,
(3)
where µ is the chemical potential, t, t′, and t′′ are the first, second, and third nearest
neighbor hopping parameters, tz is the inter-layer hopping parameter, a is the in-plane
lattice constant, and c/2 is the CuO2 layer spacing. The inter-layer hopping has the form
factor cos(kxa/2) cos(kya/2)[cos(kxa)−cos(kya)]2, which accounts for the offset copper oxide
planes between layers of the body-centered tetragonal structure [68].
We model an angle dependent scattering rate Γ with the function
1/τ(T, φ) ≡ Γ(T, φ) = Γ0(T ) + Γk(T )(cos(2φ))ν , (4)
where Γ0 is the amplitude of the isotropic scattering rate, Γk is the amplitude of the φ-
dependent scattering rate, and ν is an even integer. This model captures the tendency for
the anti-nodal regions of the Fermi surface to have shorter quasiparticle lifetimes in the
cuprates[44, 50].
An intuitive picture for interpreting the structure of ADMR is that minima in the conduc-
tivity (maxima in the resistivity) occur at angles where a component of the Fermi velocity
averages toward zero. In a quasi-2D material with a simple sinusoidal dispersion along the
kz direction, the ADMR has peaks at θ values corresponding to zeros of J0(ckF tan θ), where
J0(x) is the 0
th order Bessel function of the first kind, c is the interlayer lattice constant,
and kF is the average Fermi wavevector [34]. These special angles are referred to as Yamaji
angles—at these angles all Fermi surface cross-sectional areas are equal and the c-axis Fermi
velocity averages to zero over all cyclotron orbits[69]. For Nd-LSCO at p = 0.24, the Fermi
surface along the kz direction is more complicated than a simple sinusoidal warping, but a
similar intuition holds. The analog of the Yamaji angle in Nd-LSCO is the angle where vz
is minimized around the cyclotron orbits. We use the band structure parameters from the
best fit to the p = 0.24 data to calculate the areas of the cyclotron orbits for 16 values of kz
from −pi/c to pi/c, for different θ and φ values. We then look at the standard deviation of
these orbit areas—this standard deviation is a measure of how uniform the cyclotron orbits
are as a function of kz. As shown in Figure 6, this standard deviation of the cyclotron orbit
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FIG. 6. Using the best-fit Fermi surface for the p = 0.24 data, as shown in Figure 2c, we compute the
standard deviation of the cyclotron orbit areas for 16 different kz values. This standard deviation
is ploted here as a function of the applied field angles θ and φ. Note that a minimum is found near
30◦ that evolves to lower θ with increasing φ—this behaviour correlates with the maximum in ρzz
(Figure 2a).
area drops to a minimum at around 32◦ for φ = 0◦. This is near the angle where we find a
peak in the ADMR for p = 0.24, indicating that this angle is indeed one where vz is averaged
to nearly zero most effectively. In addition, as φ is rotated toward 45◦, the minimum in the
standard deviation of the area shifts to lower θ, tracking the behaviour of the peak in the
ADMR for p = 0.24. Higher-order peaks in the ADMR are washed out due to the decrease
in ωc as the field is tilted away from the c−axis.
Genetic algorithm. Computing the conductivity as described above involves many free
parameters which we now denote with the vector x:
x =
(
µ t t′ t′′ t′′′ tz Γ0 Γk ν
)>
. (5)
The optimal x, which we refer to as x∗, minimizes the mean squared error (MSE) be-
tween predicted conductivities σzz(x, θ, φ) and the measured conductivity σ
data
zz (θ, φ) at all
magnetic field orientations (θ, φ):
MSE(x) =
1
N
∑
(θ,φ)
(
σzz(x, θ, φ)− σdatazz (θ, φ)
)2
, (6)
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where N is the number of data points. We thus seek x∗ such that:
x∗ = arg min
x
MSE(x). (7)
With a large number of parameters as we have for this problem, standard optimization
algorithms such as gradient based methods, are slow to converge, highly sensitive to the
initial conditions, and they tend to get stuck in local minima of the MSE(x) landscape. The
following genetic algorithm offers a reliable alternative to perform minimization:
1. Initialize a number Npop of random parameters sets x1,x2, ...,xNpop , constituting the
initial population. The larger the initial population, the less of a chance there is that
the algorithm get stuck in local minima. This step corresponds to a random search.
2. For a number Ngen of generations, or until a satisfying MSE has been reached, update
every set xn to form a new population. To do so, generate one component [x
new
n ]i at
a time (one free parameter at a time) as follows:
(a) crossing: with probability pcross, keep the ancestor parameter intact:
[xnewn ]i = [xn]i. (8)
(b) mutation: with probability 1− pcross, select three random parents xa, xb, xc in
the previous generation, and update the parameter according to:
[xnewn ]i = [xa]i + s
(
[xb]i − [xc]i
)
. (9)
Here, s controls the speed and accuracy of the algorithm. It is typically small, so
that mutant vectors are small perturbations of the parent vectors.
3. Once all parameters in the set xnewn are determined, compute MSE(x
new
n ). If MSE(x
new
n ) <
MSE(xn), then replace xn by x
new
n in the new popluation. Otherwise, discard x
new
n
and keep xn intact, thus tracking the best x throughout the generations.
This algorithm has four control parameters (hyperparameters). In our case, these were
set to values Npop = 1000, Ngen = 50, pcross = 0.8 and s = 0.3. An example of the least root-
mean-square error (RMSE), which is the square root of MSE, as a function of generation
number is shown in Figure 7, and the band parameters obtained are listed in Table I.
28
Constraints were added to keep parameters in realistic ranges for the initial generation.
For the band structure parameters t, t′, t′′, t′′′ and tz, bounds were set to ±20% of the
ARPES values (Nd-LSCO p = 0.24). For scattering rates Γ0 and Γk, bounds were set to be
between 8 THz and 25 THz for Γ0 and between 10 THz and 100 THz for Γk. The initial
population parameters were generated with uniform probability between these bounds. A
further constraint was placed on the volume of the Fermi surface. Using the known fact
that the Fermi volume as measured by ARPES in overdoped LSCO-based compounds can
be up to 50% larger than the nominal hole concentration [12], we constrain the initial Fermi
surface volume to lie between p = 0.2 and p = 0.38. Any parameter set x yielding a
hole concentration outside these bounds was discarded and regenerated. These constraints
were not applied, however, during the mutation steps. The exponent ν for the φ-dependent
scattering rate parameter was generated randomly from the set of even integers between 0
and 20, and was updated randomly rather than being calculated using (9) (which would
generate non-integer values).
a = b (A˚) c (A˚) µ t (meV) t′ t′′ tz
Parameters from GE 3.75 13.2 −0.93t 190 −0.15t 0.074t 0.076t
ARPES Nd-LSCO (p = 0.24) 3.75 13.2 −0.95t 190 −0.136t 0.068t 0.07t
TABLE I. Row one lists the parameters obtained from the genetic algorithm from the Nd-LSCO
p = 0.24 ADMR data. These parameters are comparable to the ARPES parameters from Matt
et al. [11] for Nd-LSCO p = 0.24, shown in the second row, and the value of tz comes from Horio
et al. [12].
Scattering Rate Uncertainty Estimates. The genetic algorithm provides a heuristic
approach to fitting the data, robustly finding the global minimum within the parameter
space provided. In addition, the genetic algorithm samples a large portion of the parameter
space that surrounds this minimum. By keeping solutions with a RMSE that is smaller than
5 percent of the total ADMR signal at each temperature, we are able to define the spread of
the free parameters for these different solutions. For context, the maximum ADMR change
as a function of θ for p = 0.24 and 25 kelvin is about 1%. By keeping solutions with an
RMSE of less than 0.00058, we are keeping solutions whose average residuals are less than
6% of the total ADMR signal. We use this to define uncertainties on the scattering rates
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FIG. 7. The result of fitting the p = 0.24 data using the genetic algorithm. We used the Fermi
surface and scattering rate models described in Equation 3 and Equation 4. (a) The minimum
RMSE value in each generation as a function of number of generations. (b) The experimental
ADMR data for p = 0.24, shown in gray, with the simulated ADMR using the parameters that
give the minimal RMSE in the 50th generation shown in color.
free parameters—Γ0 and Γk. To do this, we keep the band structure parameters t, t
′, t′′,
tz and µ fixed at the ARPES values [12] and run the genetic algorithm for 50 generations.
The spread in Γ0 and Γk at each temperature in figure Figure 8 defines the error bars used
in figure 3b,c and d.
The uncertainty in the scattering rate in the nodal region (Γnodes = Γ0) is small compared
to the uncertainty in the anti-nodal region (Γanti−nodes = Γ0 + Γk). This indicates that Γ0 is
tightly constrained by the ADMR data, while Γk is not. In particular, the negative slope of
Γk with temperature is likely a result of the poor constraint on Γk. This discrepancy between
Γ0 and Γk arises because the nodal region of the Fermi surface—where only Γ0 contributes
to the scattering—dominates the the ADMR signal due to its longer lifetime.
Cyclotron frequency and ωcτ . The product of the cyclotron frequency, ωc ≡ eBm? ,
and the quasiparticle lifetime, τ ≡ 1/Γ, is generally seen as a good indicator of whether
one should expect to observe quantum oscillations and ADMR. When ωcτ ∼ 1 or greater,
quasiparticles complete full cyclotron orbits and the effects of both Landau quantization
and Fermi surface geometry are seen in the transport. When ωcτ  1, on the other hand,
quasiparticles scatter too frequently for these effects to be observed. Given that we observe
ADMR but not quantum oscillations in these samples, it is worth investigating the structure
of ωcτ in more detail for Nd-LSCO.
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FIG. 8. (a) Scattering rates Γ0 and (b) Γk function of temperature obtained from the genetic
algorithm for all solutions of equivalent fitness to the data (RMSE< 0.00058), or, equivalently,
solutions whose average deviation from the data is less than 6% of the total signal size. Band
structure parameters are kept fixed at ARPES values during the calculation [12].
We calculate ωcτ for Nd-LSCO p = 0.24 at B = 45 T, with ~B ‖ cˆ, using the relation
1
ωcτ
=
~
2pieB
∮
dk
v⊥(k)τ(k)
, (10)
v⊥(k) is the component of the velocity perpendicular to the field, τ(k) = 1/Γ(k) is the
inverse of the anisotropic scattering rate, and the line integral follows the closed cyclotron
orbit around the total length on the Fermi surface. Using our extracted scattering rate at
T = 25 K for Nd-LSCO p = 0.24, equation 10 gives ωcτ = 0.024 at θ = 0
◦.
Given this small value of ωcτ , it may be somewhat surprising that we detect features in
the ADMR. Unlike quantum oscillations, however, ADMR does not require full cyclotron
orbits. Thus the nodal regions of the Fermi surface, with longer quasiparticle lifetimes
and smaller cyclotron effective masses, can still contribute to the ADMR even though full
cyclotron orbits are prohibited. To visualize this we define a local ωcτ as a function of each
point k around the cyclotron orbit via:
1
ωcτ(k)
=
~
2pieB
2pik
v⊥(k)τ(k)
=
m∗(k)
eBτ(k)
, (11)
where m∗(k) = ~k/v⊥(k) the local effective mass at point k.
We parametrize k around a cyclotron orbit by the angle φ, and plot the effective ωcτ as
a function of φ. Figure 9 shows that in the anti-nodal region (φ = 45◦) the effective ωcτ is
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FIG. 9. Local ωcτ as a function of in-plane φ angle for Nd-LSCO p = 0.24 at B = 45 T, with
~B ‖ cˆ, and closed cyclotron orbit on the kz = 0 Fermi surface.
near 0.2—an order of magnitude larger than ωcτ integrated around a full cyclotron orbit.
An ωcτ of 0.2 is sufficient to produce significant ADMR, explaining why the nodal region
of the Fermi surface strongly constrains the ADMR fits, while the anti-nodal region is less
well constrained.
Calculation of ADMR with a Constant Scattering Rate. Before fitting the data
with a momentum-dependent τ , we first considered an isotropic scattering rate. We fix the
band structure parameters to those given by ARPES [11, 12], and simulate the data with
different constant scattering rates. The results are shown in Figure 10, and it is clear that
ADMR is highly suppressed with a large scattering rate. With a scattering rate of around
20 THz, the overall magnitude of the ADMR is similar to what is observed for p = 0.24 at
25K, but the signal increases monotonically out to θ = 90◦. With smaller scattering rate the
peak near 35◦ is produced, but on top of a large monotonic background, and with the total
signal an order of magnitude too large. This clearly demonstrates that a constant scattering
rate is unable to reproduce the ADMR data for Nd-LSCO p = 0.24.
ADMR across the van Hove Singularity. The simplest scenario to test for the
p = 0.21 ADMR is to take the fit parameters from the p = 0.24 ADMR, and then shift the
chemical potential across the van Hove singularity. We produce the simulations shown in
Figure 11 by fixing all best-fit parameters from Nd-LSCO p = 0.24 and moving the chemical
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FIG. 10. Calculated ADMR with bandstructure parameters given by ARPES and a constant
scattering rate (note the factor of 10 difference in magnitude).
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FIG. 11. ADMR calculations on both sides of the van Hove singularity, fixing the best-fit pa-
rameters from Nd-LSCO p = 0.24 and allowing the chemical potential to move between a)
p = 0.202 < pvHs and b) p = 0.282 > pvHs. The inset shows the Fermi surface at kz = 0 in
the Brillouin zone.
potential to values above and below pvHs ≈ 0.23. It can clearly be seen that only tiny
changes in the ADMR are produced. This is because the quasiparticle lifetime is more than
an order of magnitude shorter in the anti-nodal region than in the nodal region (Figure 9),
and most of the change in Fermi surface geometry across the van Hove singularity occurs in
the anti nodal region.
To test whether a more relaxed model of an unreconstructed Fermi surface could repro-
duce the ADMR for p = 0.21, we ran the genetic algorithm with 1000 different starting
parameter sets. The result is shown in Figure 12. It can be seen the RMSE saturates at
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around 50 generations. The simulation crosses through the middle of the data, but is unable
to capture any of the structure near θ = 90◦, indicating a failure of the unreconstructed
Fermi surface model for p = 0.21.
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FIG. 12. The result of the genetic algorithm on the p = 0.21 data, with the Fermi surface on the
hole-like side of the van Hove singularity. (a) The minimum RMSE value for each generation as a
function of the number of generations. (b) The simulated ADMR with the minimum RMSE after
50 generations plotted in color, with the data for p = 0.21 plotted in gray.
ADMR with a (pi,pi) Fermi Surface Reconstruction. Several different reconstruc-
tion scenarios [13, 14, 60, 62, 64] produce a Fermi surface that is qualitatively equivalent to
what is produced by a (pi, pi) antiferromagnetic order parameter [62]. We simulate such a
reconstruction by starting with the tight binding model and best-fit parameters found for
p = 0.24, and performing a two-dimensional (pi, pi) reconstruction and maintaining the same
interlayer coupling terms used in the unreconstructed case. The tight binding model is then
(pi,pi)(kx, ky, kz) =− µ+ 12
[
0(kx, ky, kz) + 0(kx + pi/a, ky + pi/a, kz))
]
+ 1
2
√
4∆2 +
[
0(kx, ky, kz)− 0(kx + pi/a, ky + pi/a, kz)
]2
− 2tz cos(kzc/2) cos(kxa/2) cos(kya/2)[cos(kxa− cos(kya))]2,
(12)
where the unreconstructed 0 is given by
0(kx, ky, kz) = −2t[cos(kxa) + cos(kya)]− 4t′ cos(kxa) cos(kya)
− 2t′′[cos(2kxa) + cos(2kya)],
(13)
∆ is the gap size, t, t′, t′′ represent the first, second, and third nearest neighbor hopping
parameters, µ is the chemical potential, and tz is the interlayer hopping parameter.
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FIG. 13. Calculation of ADMR with a (pi,pi) reconstructed Fermi surface for different gap strengths.
Γk = 0 for these simulations, i.e, the scattering rate is isotropic.
Note that the above equations consist of a 2D antiferromagnetic model with added inter-
plane hopping instead of a fully three-dimensional antiferromagnetic model. The reason for
this is Nd-LSCO’s tetragonal crystal structure, for which the full 3D reconstruction would
induce C4 rotation symmetry breaking (coming from the cos(kxa/2)∗cos(kxa/2) term in the
inter-plane hopping). By performing the 2D reconstruction alone, rotational symmetry in
the copper-oxide planes is preserved. Moreover, such a reconstruction is likely to be more
consistent with the short-length spin correlations that are incoherent between planes. Note
also that short range antiferromagnetic correlations could induce a reconstruction as long as
the thermal de Broglie wavelength of the electron is shorter than the AF correlation length
[70].
The ADMR was simulated using Equation 12 using a procedure similar to that described
in the section “Semiclassical theory of ADMR”. It was found that a single, isotropic scat-
tering rate was sufficient to fit the data, and thus the scattering rate and gap magnitude
and the chemical potential—the only three parameters that were varied from the p = 0.24
simulations—were varied by hand until a best fit was found. Figure 13 shows how the
ADMR varies with increasing gap size. While the magnitude of the overall drop at θ = 90◦
increases with increasing ∆, the variation is rather slow and no strong qualitative change in
the data is observed. The best fit value is found to be around ∆ = 58 K.
The variation of the ADMR with scattering rate was also tested, shown in Figure 14.
The best-fit scattering rate is found to be around 22 THz—within a factor of two of the
nodal scattering rate found for p = 0.24.
ADMR with a CDW Fermi Surface Reconstruction. A bi-axial CDW with period
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FIG. 14. Calculation of ADMR with (pi,pi) reconstructed Fermi surface with different (but still
isotropic) scattering rates.
near to 3 lattice spacings is thought to underlie the reconstructed pocket seen in quantum
oscillation experiments [41, 71]. To calculate the ADMR for such a Fermi surface reconstruc-
tion, we first start with the tight binding model and band structure parameters obtained
by fitting the p = 0.24 ADMR. We reconstruct this band structure with a period-three
bi-axial wavevector. As with the (pi,pi) reconstruction, we perform a 2D reconstruction and
maintain the same interlayer coupling terms used in the unreconstructed case. This FSR
produces multiple pockets and open sheets, similar to what was shown in Allais et al. [72].
We calculate ADMR for only the diamond-shaped Fermi surface because this is the only
surface that has been found by quantum oscillations in underdoped cuprates [25, 73], this is
the only Fermi surface needed to model the ADMR in YBa2Cu3O6.6 [41], and the inclusion
of any other Fermi surfaces would lead to a value of the normal-state specific heat that is
larger than what is measured [74].
The Hamiltonian used for finding the in-plane Fermi surface can be written as follows
[75],
H =
∑
k
[(k)c†kck −
∑
Q
∆Q(k +Q/2)c
†
k+Qck], (14)
where the sum over k extends over the entire Brillouin zone of the square lattice, and Q
represents the wave vectors of the charge ordering. For a bidirectional charge density wave
with a period of three lattice spacings, the sum over Q extends over the 4 values (±2pi
3
, 0) and
(0,±2pi
3
). The in-plane electronic dispersion is the same as the in-plane dispersion described
in Equation 13. The Fermi surface is found by selecting the eigenvalue of the resulting 9× 9
matrix that corresponds to the diamond-shape Fermi surface.
We calculate the ADMR for this model using a procedure similar to that described in
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the section “Semiclassical theory of ADMR”. The result is shown at Figure 15 for a number
of different CDW strengths. The simulated ADMR is somewhat reminiscent of the p = 0.24
data, except that the peak that was found at around θ = 30◦ for p = 0.24 has been pushed
out to θ = 60◦. This qualitative similarities arise because both the unreconstructed Fermi
surface and the small reconstructed diamond are similar in shape. The features are pushed
to higher θ for the reconstructed case because kF is smaller. It is clear, however, that a
CDW reconstruction does not match the ADMR for p = 0.21.
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FIG. 15. Calculation of ADMR for a period three CDW Fermi surface reconstruction for various
gap sizes.
ADMR for Nd-LSCO at p = 0.20. We also performed ADMR measurements on
Nd-LSCO at lower doping, namely with p = 0.20 (< p∗) (see Figure 16). Due to time
constraints on the 45 Tesla hybrid at the National Magnet Lab in Tallahassee, data at this
doping was taken only for two φ values. The data also show absence of the θ = 40◦ peak
characteristic of the p = 0.24 above the pseudogap critical point and show an even more
pronounced φ-isotropy in the data around θ = 90◦ compared to Nd-LSCO p = 0.21. The
common behavior of AMR between p = 0.20 and p = 0.21 reveals the change of the Fermi
surface below p?.
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FIG. 16. AMR on Nd-LSCO p = 0.20 at B = 45 T, as a function of θ, for φ = 0◦ and 45◦. (a)
T = 25 K; (b) T = 20 K.
